Abstract: Follicular lymphoma (FL) is a common B-cell malignancy characterized by relatively indolent growth and incurability with an expected lifetime course of serial intermittent treatment courses. Many patients with FL have lives shortened by the disease and despite a relatively favorable prognosis relative to other incurable systemic malignancies, optimal management of FL has not been achieved. This review focuses on identifying both patients for whom novel therapies might be most beneficial as well as systematically reviewing novel strategies at various levels of investigation. Prognostic markers incorporating clinical measurements and tumor genetics are discussed, yet at the time of diagnosis do not yet powerfully discriminate patients for whom specific strategies are beneficial. Reassessment of prognosis after evaluating the response to initial therapy is the most powerful identifier of those in need of novel management strategies. For initial therapy of high burden systemic disease, anti-CD20 antibody along with chemotherapy or immunomodulators all offer relatively similar effects on overall survival with subtly different effects on progression-free survival and quality of life. Several new agents currently under investigation in the upfront setting are discussed. Perhaps the best testing ground for novel therapies is in patients with early relapse following initial immunochemotherapy. Ongoing research in multiple therapy classes including, novel monoclonal antibodies, antibody drug conjugates, immunomodulatory agents, intracellular pathway inhibitors, immune checkpoint inhibitors, and epigenetic regulators are discussed herein.
Introduction
Follicular lymphoma (FL) is the third most common lymphoid malignancy, after diffuse large B-cell lymphoma (DLBCL) and chronic lymphocytic leukemia/small lymphocytic lymphoma, with 13,960 estimated new cases in the United States (US) in 2016. The incidence rate of FL has been stable in the past decade. 1 The economic impact of FL is substantial, reflected in the healthcare cost approximate of DLBCL (US$10,460 per patient, per month). 2 Despite generally being considered as an incurable disease, the outlook in most patients is good with a 5-year overall survival (OS) around 75%, 3 and median OS of more than 18 years in the most recently available data. 4 However, FL is a heterogeneous disease, clinically and biologically, with a prognosis varied among individuals and varying within an individual over time. The strongest predictor of a poor outcome is the progression of the disease within 2 years after diagnosis following treatment with chemoimmunotherapy which predicts a 5-year OS of approximately only 50%. 5, 6 Conversely, patients whose disease does not progress within 2 years have a subsequent expected 10-year survival indistinguishable from age and sex-matched peers. 6 Histologic transformation to a high-grade lymphoma is uncommon and not very predictable but has substantial impact on a few patients affected. The high Since tumor burden is a major component of these prognostic models, yet relatively hard to precisely quantify, radiographic data were also exploited to better determine FL risk. Baseline total metabolic tumor volume (TMTV) from positron-emission tomography (PET) greater than 510 cm 3 predicts inferior OS and PFS independent of the FLIPI score. 14 Moreover, combination of TMTV and FLIPI-2 also identifies patients at high risk of early progression. Integrating positive end-of-treatment PET imaging with baseline TMTV seems to enhance its prognostic value. 15 Besides clinical, genetic, and radiographic data, many measures of tumor burden were tested in determining prognosis including circulating tumor cells, cell-free DNA, mutational burden, and minimal residual disease. [16] [17] [18] If these findings are externally validated, it will add other aspects in building a more comprehensive prognostic model. Just as the above early measures of response to treatment are prognostically important, other opportunities to reassess prognosis beyond initial diagnosis add value for the patient with FL. One of the most important events that determine prognosis in patients with FL treating with chemoimmunotherapy is POD24. Despite being most predictive of poor OS, we are still not able to identify this very high-risk group at the time of diagnosis or before initiation of the first therapy. Novel prognosis scoring systems have addressed this issue and tried to predict POD24 at the time of diagnosis. This includes a simple clinical scoring system, PRIMA-PI, 13 and a clinicogenetic scoring system, m7-FLIPI, 12 both of which seem to correlate better with POD24 than the FLIPI score but neither of which identifies with adequate sensitivity or specificity those patients destined for early relapse.
Despite the prognostic capability for populations of patients with FL, today's models still have a minimal role in clinical decision making for individual patients such as when to initiate treatment or how frequent the follow up should be. GELF (Groupe d'Etude des Lymphomes Folliculaires) criteria were developed to standardize patients enrolled in clinical trials of initial treatment with immunochemotherapy, 19 and are often adapted as guidelines for the initiation of treatment. Focusing on absolute OS may misguide the care of patients of different age groups who do not have the same life expectancy or who have relatively high competing mortality risks; and so, looking at relative survival is an appropriate alternative. The ideal prognostic model should be able to predict which patients will soon be symptomatic and may need treatment sooner. Ultimately, the ideal model needs to identify those who are at risk of dying from FL, or its surrogates such as POD24, with good discriminatory power and subsequent randomized clinical journals.sagepub.com/home/tah 3 trials should be developed, assigning different strategies for this particularly high-risk group.
There is currently no established risk-adapted approach to assign different treatments to patients of different risk groups. Examples of risk-adapted approach studies based on the FLIPI score include a study of consolidation with 90-yttrium-ibritumomab tiuxetan after fludarabine, mitoxantrone, and rituximab for intermediate-high risk FL 20 and a study of bendamustine-rituximab with or without bortezomib followed by rituximab with or without lenalidomide in patient with high-risk FLIPI (ClinicalTrials.gov identifier: NCT01216683). 21 Histologic updated result confirms a PFS benefit without an apparent difference in OS and the rate of secondary malignancy. 28 The BRIGHT study, which is similar in patient population to the StiL study, showed noninferiority of BR to R-CHOP or rituximab plus cyclophosphamide, vincristine and prednisone (R-CVP) with similar CRRs, which was the primary endpoint. 29 Side-effect profiles were different, with more vomiting and drug hypersensitivity in the BR group and more neuropathy and alopecia in the R-CHOP/R-CVP group. A 5-year update of the BRIGHT study confirmed the findings of StiL study, with a better 5-year PFS (65.5% versus 55.8%) and a similar 5-year OS (81.7 versus 85.0%) in BR versus R-CHOP/R-CVP groups, respectively. 30 There are several limitations of StiL and BRIGHT studies. Both have included mantle cell lymphoma which seems to benefit the most from bendamustine. However, in the StiL study, a PFS benefit in the FL subgroup was demonstrated and the interaction test for histology subtypes was not statistically significant, but the subgroup analysis and interaction test were not prespecified. Using CRR as its primary endpoint and the noninferiority design of the BRIGHT study limit the claim for superiority of a PFS benefit for bendamustine. Exploratory analysis of the GALLIUM study raises the concern for safety of a full course of bendamustine-anti-CD20 antibody followed by antibody maintenance. 31, 32 The nonrelapsed death rate was higher in bendamustine-treated patients than in patients who received CHOP or the CVP chemotherapy backbone (5.2% versus 1.8%). Of note, the assignment of chemotherapy was not randomized, and this finding is subjected to several confounders.
There are several situations where R-CHOP may be selected preferentially to BR in the frontline treatment of FL despite the lack of strong evidence. This includes FL with high SUVmax on a PET scan, 33 Because the addition of rituximab to chemotherapy significantly improved the response, PFS, and OS, 40,41 new generations of anti-CD20 monoclonal antibodies (mAbs) were developed. Obinutuzumab is a glycoengineered type II mAb with greater antibody-dependent cellular cytotoxicity (ADCC) and phagocytosis and direct caspase-dependent programmed cell death, but less complement-dependent cytotoxicity (CDC) than rituximab. In the GALLIUM study utilizing a large prospective randomized phase III study design, obinutuzumab was combined with CHOP, CVP or bendamustine (O-chemotherapy) and followed by a 2-year obinutuzumab maintenance, compared with rituximab-chemotherapy followed by MR as a control group. 31 PFS at 3 years was statistically longer with O-chemotherapy than rituximab-chemotherapy (80.0% versus 73.3%). There was no OS difference during 34.5 months median follow up.
ORR and CRR were also similar. Patients in the O-chemotherapy group developed more neutropenia especially during the maintenance phase (16.4% versus 10.7%) and more infusion-related reaction (59.3% versus 48.9%). Whether the improved PFS was due to the inherent properties of obinutuzumab or just because it was used at higher dose (approximately two-fold higher cumulative dose) remains unknown. This 7% PFS difference at 3 years at the expense of an increase in toxicity makes it marginally appealing to change practice from using rituximab to obinutuzumab in the frontline setting for all patients. Based on the result of the GALLIUM trial, the United States Food and Drug Administration (US FDA) has approved obinutuzumab in combination of chemotherapy for previously untreated FL.
Novel therapeutics in treatment-naïve follicular lymphoma New-generation anti-CD20 monoclonal antibodies.
Currently there are no other anti-CD20 mAbs that have been or are being tested in the first-line treatment of FL. Many are being tested in the relapsed and refractory setting and will likely move toward treatment in the upfront setting if they show good activity.
Immunomodulatory agents. Attempts to treat malignant disease without conventional cytotoxic/ DNA-damaging chemotherapy have been made in FL as well as in other cancers with the hope to reduce adverse reaction and second malignancy. The combination of rituximab and lenalidomide (R 2 ) has given promising results. In the SAKK 35/10 study, rituximab with or without lenalidomide is tested in previously untreated symptomatic FL, demonstrating higher CRR in the combination arm (36% versus 25%) along with longer PFS (not reached versus 2.3 years). 42 In the RELEVANCE study (ClinicalTrials.gov identifier: NCT01650701), rituximab weekly for 4 weeks followed by every 4 weeks was combined with lenalidomide 20 mg daily for 3 weeks in each 4-week cycle for 6-12 cycles. This was compared with R-CHOP, R-CVP or BR as the control arm. Both arms had similar CRR, 2-year and 3-year PFS, and also OS. However, because of its superiority trial design, the RELEVANCE study did not meet their primary endpoints. In term of adverse reactions, the R 2 regimen caused less neutropenia, febrile neutropenia (2% versus 6%), and nonhematologic toxicity but resulted in more dermatologic toxicity (7% versus 1%). This similar efficacy and favorable tolerability to R-chemotherapy in the interim analysis makes this R 2 regimen a potential new approach to treat FL in the first-line setting for some patients, especially those wishing to avoid hematologic toxicity. Moreover, different approaches to conventional chemoimmunotherapy may pave the way to cross the barrier of PFS-OS correlation. Long-term follow-up data are eagerly awaited. 43 A study of obinutuzumab and lenalidomide for the frontline treatment of FL is ongoing (ClinicalTrials.gov identifier: NCT02871219).
Intracellular pathway inhibitors
Bruton tyrosine kinase inhibitors. Bruton tyrosine kinase (BTK) is one of the upstream components in the B-cell receptor pathway, among others, which is essential in B-cell homeostasis and survival. 44 With activity across various B-cell lymphomas, it is also tested in FL. In a phase II study, frontline treatment with ibrutinib plus rituximab resulted in ORR of 75-85% and CRR of 35-40%. The 1-year PFS rates were 77-87% in this preliminary report. 45 Randomized phase III studies of ibrutinib plus rituximab in elderly patients (ClinicalTrials.gov identifier: NCT02947347) and in all-comers (ClinicalTrials.gov identifier: NCT02451111) are ongoing. Also, a study of ibrutinib and obinutuzumab is underway (ClinicalTrials.gov identifier: NCT02689869).
A phase I trial of ibrutinib, lenalidomide and rituximab combination was reported to have ORR of 95% and 1-year PFS of 80%; however, it led to significant toxicity including rash (all grades 82% with 36% grade 3). Half of the patients required dose reduction due to toxicity. With toxicity and lack of significant additional benefit to R 2 regimen, further investigation of this combination in the upfront setting is unlikely. 46 Phosphatidylinositol 3-kinase inhibitor. Signaling of the B-cell receptor pathway is also mediated by phosphatidylinositol 3-kinase (PI3K), AKT, the mechanistic target of the rapamycin (mTOR) pathway. There are four catalytic isoforms of PI3K that differ in their tissue expression; and the γ and δ isoforms are quite specific to hematopoietic cells. The first-in-class PI3Kδ inhibitor, idelalisib, has shown good activity in chronic lymphocytic leukemia (CLL). 47 Although it is approved for use in relapsed FL, it has not paved the way to the frontline setting at this point, 6 journals.sagepub.com/home/tah likely due to concerns of toxicity. A study of idelalisib in combination with rituximab in untreated FL patients was terminated early due to high rate of severe hepatotoxicity (ClinicalTrials.gov identifier: NCT02258529).
Duvelisib, a dual PI3Kδ/γ inhibitor, is combined with rituximab (DR) or obinutuzumab (DO) in the first-line treatment of FL (ClinicalTrials.gov identifier: NCT02391545). Preliminary analysis showed ORR of 87% and 91% in DR and DO, respectively, with CRR of approximately 20% in both arms. Elevated liver enzymes and rash are common side effects. Of note, many patients need dose modification (63-64%) or discontinuation (7-14%) due to adverse events. 48 Hepatotoxicity seems to be the major barrier for the development of this class of medication.
BCL2 inhibitor. Translocation of chromosomes 14 and 18 is found in 90% of FL patients. 49 This translocation results in deregulated expression of the antiapoptotic protooncogene BCL2. BH3-mimetic drugs, which mimic the activity of physiologic antagonist of BCL2 and other antiapoptotic proteins, have demonstrated good activity in relapsed/refractory CLL. 50 The response rate of BCL2 inhibitor alone in relapsed or refractory FL is not as high as expected given the overexpression of BCL2 as the hallmark of the disease. This could be due to the ability to use other anti-apoptotic signaling molecules or just simply an inadequate dosing. 51 Ongoing studies in the first-line setting include venetoclax and obinutuzumab, (ClinicalTrials.gov identifier: NCT02877550) and venetoclax, obinutuzumab and bendamustine in high-tumor burden FL (ClinicalTrials.gov identifier: NCT03113422).
Immune checkpoint inhibitors. FL cells also exploit their immunosuppressive microenvironment to evade antitumoral immunity. 52 While gene expression profile enriched in monocytes and dendritic cells seem to confer to poor prognosis, indicating the importance of FL microenvironment, 53 impact of PD-1 expression in FL remains controversial. [54] [55] [56] Inhibition of immune checkpoints PD1 and CTLA4 was shown to rescue inactivated anergic T-cell in several malignancies and was tested in relapsed and refractory FL. Nivolumab produced an ORR of 40% in FL patients enrolled among other hematologic malignancies. 57 Example of ongoing clinical studies in untreated FL include nivolumab plus rituximab (ClinicalTrials.gov identifier: NCT03245021), single-agent pembrolizumab (ClinicalTrials.gov identifier: NCT03498612), and atezolizumab in combination with chemoimmunotherapy (ClinicalTrials.gov identifier: NCT02596971).
Consolidation and maintenance therapy
The fundamental principle of maintenance therapy is to provide ongoing treatment beyond remission induction with minimal toxicity over an extended period of time with a goal of prolonged disease control. As previously discussed, the PRIMA study has established the PFS benefit from using rituximab maintenance. RELEVANCE study continues R 2 as their maintenance therapy in the R 2 arm. Similar studies in relapsed FL randomize patients to rituximab alone or R 2 after induction treatment with R 2 (MAGNIFY trial, ClinicalTrials.gov identifier: NCT0196865) or after chemoimmunotherapy (ClinicalTrials.gov identifier: NCT02390869). Comparison between these maintenance arms has not yet been reported.
Consolidation therapy is a relatively intensive short-course treatment given after completion of standard treatment. Consolidation studies are usually limited to high-risk population such as patients with high FLIPI score or patients who have residual disease after completion of treatment. Radioimmunotherapy with isotope-labeled anti-CD20 mAbs represent a short-course treatment, more potent than unlabeled antibodies, and therefore is a good candidate for testing as a consolidation therapy. 90 Yttrium ibritumomab tiuxetan is a beta-emitting radioisotope-mAb conjugate targeting CD20. A phase III study of 90 Y-ibritumomab tiuxetan consolidation after having a response to initial therapy (FIT study) showed an improvement of median PFS (4.1 versus 1.1 years). 58 However, less than a third of the patients received rituximab as their induction and post hoc analysis of this small subgroup did not show statistically significant difference in median PFS. Moreover, most of the patients enrolled have a low-risk FLIPI score; and for these reasons, the applicability of this study is unknown in the present practice of treating FL. The GOTEL study reported ORR of 93.3% and CRR of 76.6% using 90 Y-ibritumomab tiuxetan after four cycles of R-CHOP and two cycles of CHOP in FL patients with untreated intermediate-to-high risk FLIPI. 59 PFS at 5 years was recently reported to be 70%. 60 Despite its efficacy, radioimmunotherapy consolidation remains underutilized, likely due to perceived concern for toxicity especially in patients with bone marrow involvement, cost and logistics, and the availability of other options such as MR. 61 Manufacture and sale of another radioimmunotherapy, 131 iodine-tositumomab, were discontinued in 2014.
Relapsed and refractory follicular lymphoma
Identification of high-risk relapsed follicular lymphoma: toward response-adapted approach In 2015, the National LymphoCare Study (NLCS) published an insightful finding of the different biology of FL that progressed early. Approximately 20% of FL patients progressed within 2 years after treatment with immunochemotherapy across different regimens and despite adding a MR. NLCS data was validated with prospectively collected patient data from University of Iowa and Mayo Clinic Molecular Epidemiology Resource. Patients who developed early disease progression within 24 months (POD24) after diagnosis have a 2-year OS of only 68% and a 5-year OS of 50%, compared with 97% and 90%, respectively, in patients without POD24. 5 This finding is also confirmed by several later prospective dataset such as the recent GALLIUM study. 62 Moreover, it also shows that patients with earlier disease progression (before 6 months, 12 months or 18 months) seem to have even higher risk of death. Substituting obinutuzumab for rituximab in frontline setting does not seem to reduce the risk of POD24. With these data, different treatment at the time of relapse seems to be necessary.
Management of patients with POD24 after treatment with chemoimmunotherapy remains elusive. Treatment with salvage chemotherapy followed by autologous hematopoietic cell transplant (HCT) in second or third remission and allogeneic HCT in later relapse have been suggested. 63 Clinical trial participation is highly encouraged. The ongoing US Intergroup study, S1608 (ClinicalTrials.gov identifier: NCT03269669) 64 was designed to answer this question. Patients who are refractory to a first-line bendamustine-anti-CD20-based regimen or have relapsed within 2 years after completion of treatment are eligible and randomized to a PI3K inhibitor, umbralisib plus obinutuzumab, lenalidomide plus obinutuzumab, or CHOP plus obinutuzumab. This study is also trying to identify set of biomarkers in prediction of POD24. Another study in this setting is a randomized phase II FRESCO trial.
Patients who progressed within 24 months after alkylator-based chemotherapy are randomized to duvelisib plus rituximab or R-CHOP (ClinicalTrials.gov identifier: NCT02605694). 65 Results of these studies are eagerly awaited.
Besides POD24, there are other groups of FL patients that may have an increased risk of dying from FL, for example, patients who have positive PET scan after chemoimmunotherapy, 66, 67 patients who relapse multiple times, 68 and patients who are diagnosed at the very young age. 69 It is reasonable to suspect that patients who quickly progress after or refractory to single-agent anti-CD20 mAb treatment may also have shorter survival as well. There are studies that addressed the heterogeneity of FL and try to improve outcomes in these high-risk patients. For example, Fondazione Italiana Linfomi designed a response-adapted treatment based on an end-of-treatment PET scan by adding consolidation therapy with 90 Y-ibritumomab tiuxetan in the PET-positive group and, at the same time, study the effect of minimal residual disease in the PET-negative group (ClinicalTrials.gov identifier: NCT02063685). A clinical trial from the Memorial Sloan Kettering Cancer Center was designed to study the effect of 2 years of ibrutinib in patients with a positive end-of-treatment PET scan after completion of chemoimmunotherapy and follow the rate of conversion to PET-negative status (ClinicalTrials.gov identifier: NCT02966730).
Novel therapeutics for relapsed and refractory follicular lymphoma
Several new drugs of various targets have been tested in patients relapsed and refractory FL. These are summarized in Table 2 .
Anti-CD20 and other cell surface targets monoclonal antibody-based agents. The second generation of anti-CD20 mAb was engineered to become humanized or fully human to reduce immunogenicity. Ofatumumab is a fully human type I anti-CD20 IgG1 mAb that recognizes a distinct epitope of CD20 from rituximab and has been shown to have a stronger CDC and seemed to work in both rituximab-sensitive and resistant cell lines. A phase I/II trial in FL with various doses showed an ORR from 20 to 63% and a median duration of response of 29.9 months. 87 However, only 38% of these patients were previously treated with rituximab and a subsequent studies in rituximab-refractory patients failed to show meaningful benefit using ofatumumab alone (ORR 22%, 8 journals.sagepub.com/home/tah ALT, alanine transaminase; BR, bendamustine, rituximab; CHOP, cyclophosphamide, doxorubicin, vincristine, prednisone; CI, confidence interval; CLL, chronic lymphocytic leukemia; CRR, complete response rate; CVP, cyclophosphamide, vincristine, prednisone; DLBCL, diffuse large B-cell lymphoma; DoR, duration of response; FL, follicular lymphoma; GELF, Groupe d'Etude des Lymphomes Folliculaires; IV, intravenous; MCL, mantle cell lymphoma; mDoR, median duration of response; mOS, median overall survival; mPFS, median progression-free survival; MTD, maximum tolerated dose; MZL, marginal zone lymphoma; NE, not estimated; NHL, non-Hodgkin's lymphoma; NR, not reached; ORR, overall response rate; OS, overall survival; PJP, Pneumocystis jirovecii pneumonia; PS, performance status; R/R, relapsed/refractory; R, rituximab; SD, stable disease; SLL, small lymphocytic lymphoma. Table 2 .
(Continued) mPFS 5.8 months) 88 or ofatumumab in combination with bendamustine (ClinicalTrials.gov identifier: NCT01077518, press release). 89 Ocrelizumab and veltuzumab, both second-generation anti-CD20 mAbs, were not pursued further in clinical study for lymphoma.
The third generation of anti-CD20 mAbs is humanized or fully human and has a protein-or glyco-engineered Fc region to enhance its binding affinity to FcγRIIIa. Obinutuzumab has demonstrated its efficacy in an open-label phase III GADOLIN study. 70 A total of 413 patients with rituximab-refractory indolent NHL, including 335 FL patients, were randomized to receive bendamustine with or without obinutuzumab followed by obinutuzumab maintenance. Median PFS (mPFS) is significantly longer in obinutuzumab arm (not reached versus 14.9 months) in its initial published report and was also confirmed in their subsequent presentation to confer mPFS benefit (25.3 versus 14.0 months) along with median OS (mOS) benefit (not estimated versus 53.9 months) in the FL subgroup. 71 Ocaratuzumab (AME-133) is another third-generation type I anti-CD20 IgG1 with enhanced ADCC. It has shown some activity in previously treated FL patients who are known to have low-affinity FcγRIIIa with ORR of 30% and CRR of 8% in a phase I/II study. 90 There is currently no ongoing trial of this agent. Ublituximab (TG-1101), a type I glycoengineered anti-CD20 IgG1 with enhanced ADCC, was tested in NHL. In 12 patients with FL, 2 patients had CR and 3 had a partial response. Clinical trials to further assess the clinical efficacy of ublituximab, alone and in combination, are ongoing (ClinicalTrials.gov identifiers: NCT02793583, NCT01647971, NCT02006485).
Several mAbs were developed to target other B-cells surface targets including CD22 (epratuzumab, galiximab), CD37 (otlertuzumab), HLA-DR (IMMU-114). The latter two are being tested in early-phase clinical trials.
Antibody-drug conjugates. Antibody-drug conjugates have a potential of providing specific delivery of potent microtubule inhibitors or DNA-damaging agents to FL cells while minimizing the systemic toxicities. Inotuzumab ozogamicin is an anti-CD22 IgG4 linked to calicheamicin, a DNA-damaging agent. A study in indolent lymphoma refractory to rituximab or radioimmunotherapy revealed ORR of 71% and CRR of 35% in FL subgroup with better response in nonbulky disease. 73 Median PFS was 14.7 months and mOS was not reached. Another study investigated inotuzumab ozogamicin in combination with R-CVP in this setting, including 26 FL patients. ORR was 100% with 41% CR. Within a median follow up of 24.1 months, the 2-year PFS was 50% and the 2-year OS was 89%. 74 This agent is also actively investigated in B-lymphoblastic leukemia.
Polatuzumab vedotin is an anti-CD79b IgG conjugated to monomethyl auristatin E, a microtubule inhibitor. Its phase I study enrolled 95 patients including 30 patients with indolent NHL (unreported number of patients with FL). Within indolent NHL subgroup, polatuzumab vedotin resulted in three CRs and four PRs in the 2.4 mg/kg group (n = 16) but no response in the lower dose (1.8 mg/ kg) group. 91 Preliminary reports from a randomized phase II trial, comparing bendamustine and rituximab with or without polatuzumab vedotin in relapsed/refractory FL and DLBCL, showed that the addition of polatuzumab vedotin did not improve CRR or PFS in the FL subgroup but increased the rate of febrile neutropenia. 75 The study is still ongoing (ClinicalTrials.gov identifier: NCT02257567). Varieties of combinations are also being tested in relapsed and refractory FL, including with lenalidomide (ClinicalTrials.gov identifier: NCT02600897), obinutuzumab and venetoclax (ClinicalTrials.gov identifier: NCT02 611323), and obinutuzumab and atezolizumab (ClinicalTrials.gov identifier: NCT02729896).
Various antibody-drug conjugates are in development, targeting several B-cell surface molecules such as CD19, CD22, CD25, CD37, CD74, CD79b, CD205, and CD269 (BCMA).
Radioimmunotherapy. As a single agent, 90 Y-ibritumomab showed 74% ORR and 15% CRR in rituximab-refractory FL patients with the median time to progression of 6.8 months and only 8.7 months in responders. 92 A phase II study of 90 Y-ibritumomab plus bortezomib is underway (ClinicalTrials.gov identifier: NCT00372905). In its phase I trial, eight out of nine patients had a response, two with CR, and a mPFS of 6.5 months. 77 Bispecific T-cell engager. Blinatumomab is the only bispecific T-cell engaging antibody currently available. It transiently joins CD19-positive B-cells to CD3ɛ-positive T-cells, resulting in T-cell-mediated B-cell lysis along with journals.sagepub.com/home/tah 13
T-cell activation. In a phase I dose-escalation study in 76 relapsed NHL patients, including 28 patients with FL, the ORR was 80% in the FL subgroup who received blinatumomab at the target dose of 60 µg/m 2 /day, and 40% achieved CR. 76 Dose-limiting toxicity was encephalopathy. The major limitation of blinatumomab is its short half-life which necessitates an initial 4 weeks of continuous infusion. Another phase I study combining blinatumomab and lenalidomide is underway (ClinicalTrials.gov identifier: NCT02568553). A regular-half-life anti-CD20/ CD3 T-cell-dependent bispecific antibody which will allow weekly or monthly dosing is currently in its early clinical trials (ClinicalTrials.gov identifiers: NCT02651662, NCT02290951).
Immunomodulatory agents.
Lenalidomide is an oral immune modulator that exerts its antineoplastic effects through inhibition of tumor cell proliferation, inhibition of angiogenesis, and T-cell and natural killer (NK)-cell-mediated cytotoxicity. Recently, the intracellular target of lenalidomide was identified as cereblon, an E3 ubiquitin ligase. Upon binding to lenalidomide, cerebron activity was increased and resulted in degradation of Aiolos and Ikaros which may be central to the mechanisms of action of lenalidomide. Preclinical studies have identified mechanistically synergistic effects of several lenalidomide combinations, for example, with rituximab, bortezomib, ibrutinib, and anti-programmed cell death protein (PD1) or anti-programmed death ligand (PD-L1). 93 A phase IIIb study of rituximab and lenalidomide (R 2 ) induction followed by rituximab versus R 2 maintenance in relapsed indolent NHL and mantle cell lymphoma (MAG-NIFY study) was presented, revealing an ORR of 64% and a 20% CR (ClinicalTrials.gov identifier: NCT01996865). 78 Phase III AUGMENT trial compares rituximab plus lenalidomide or placebo in similar setting. As of this writing, the full result has not yet released except a press announcement stating that its PFS endpoint was met (ClinicalTrials.gov identifier: NCT01938001). 94 A preliminary result of the phase I/II trial for lenalidomide and obinutuzumab combination in relapsed FL was presented, showing an ORR of 100% with a 78% CR. The estimated 2-year PFS was 61%. All rituximab-refractory patients had a response. This trial is still ongoing (ClinicalTrials. gov identifier: NCT01995669). 95 CC-122 is another cereblon-targeted agent which has shown good activity in relapsed/refractory indolent NHL in a phase I study in combination with obinutuzumab. 96 Cellular pathway-targeted agents Phosphatidylinositol 3-kinase inhibitors. Currently, two PI3K inhibitors are approved for relapsed FL, the oral PI3Kδ inhibitor idelalisib and the intravenous PI3Kα/δ inhibitor copanlisib. Duvelisib is a dual PI3Kδ/γ inhibitor that is being studied in the DYNAMO trial for relapsed/ refractory FL. The preliminary results showed an ORR of 43%, with 1% achieving a CR. The duration of response was 7.9 months and mPFS was 8.3 months. Diarrhea is common (47%; 16% ⩾ grade 3). 80 The US FDA has accepted duvelisib for filing with a priority review in order to get accelerated approval for the treatment of relapsed/refractory FL.
Bruton tyrosine kinase inhibitors.
Response to single-agent ibrutinib in recurrent FL was not encouraging. In a phase II study, ibrutinib resulted in an ORR of 37.5% with a CRR of 12.5%, mPFS of 14 months and a 2-year PFS of 20.4%. Less response was observed in patients who were rituximab resistant and no response was observed in CARD11-mutated patients. 79 In another phase II DAWN study, ibrutinib showed ORR of 20.9% with a CRR of 11% and mPFS of 4.6 months. The median duration of response (DoR) was 19.4 months which seems to indicate a durable response in a small subset of patients who achieve an initial response. Unfortunately, no biomarkers predictive of response were identified. 97 A more-selective BTK inhibitor, acalabrutinib, showed an ORR of 33-39% in relapsed/refractory FL with 2 CRs out of 25 patients. 98 This study is still underway (ClinicalTrials.gov identifier: NCT02180711).
BCL2 inhibitors.
The first-in-human study of venetoclax in relapsed/refractory NHL, which included 29 patients with FL, showed an ORR of 38% and a mPFS of 11 months in the FL subgroup. 51 Since BCL2 overexpression is the hallmark of FL, this response to a BCL2 inhibitor is unimpressive and a combination with other agents may be required. In a phase I study, venetoclax in combination with BR for relapsed/refractory NHL, including 32 patients with FL, showed very good signal of response and was quite well tolerated. 99 The target dose of 800 mg is used in the ongoing randomized phase II CONTRALTO study which only enrolled patients with relapsed/ refractory FL. Its preliminary results showed an ORR of 68% in the venetoclax plus BR arm and 64% in BR alone. Venetoclax plus BR also resulted in more toxicity and more treatment discontinuation but may improve PFS. 81 We will need to wait for the data to mature to see if adding venetoclax to chemoimmunotherapy has any benefit at all.
Spleen tyrosine kinase inhibitors. Spleen tyrosine kinase (SYK) is a key regulator of B-cell receptor signaling, upstream of BTK and PI3K, and is also involved in signal transduction in other classical immunoreceptors. 100 Fostamatinib, an early SYK inhibitor currently approved for treatment of relapsed immune thrombocytopenia, was studied in NHL but showed only a 2/21 ORR in the FL subgroup. 101 Cerdulatinib, a dual SYK/ JAK inhibitor, is being tested in a wide-range of lymphoma subtypes (ClinicalTrials.gov identifier: NCT01994382) and early results showed good response in FL (ORR 50%). 102 
Immune checkpoint inhibitors
Anti-PD1 and anti-PD-L1. A preliminary result of nivolumab, an anti-PD1, for the treatment of various lymphomas, has shown an ORR of 4/10 in the FL subgroup with 1 CR. Overall, three out of four patients continued to respond over the median observation time of 91.4 weeks. 57 A study of nivolumab in relapsed or refractory FL (Checkmate 140) has completed the accrual total of 92 patients. Only three patients had a PR and one had a CR, with a DoR of 10.9 months and a mPFS of 2.2 months in a preliminary report. 103 Formal presentation or publication is expected to follow. Pidilizumab, also an anti-PD1, has shown an ORR of 66% and a 52% CR with a median DoR of 20.2 months and a mPFS of 18.8 months. 82 Pembrolizumab and atezolizumab in combination with anti-CD20 mAbs also showed very good response rates in their preliminary results. 83, 84 Other immune checkpoint inhibitors. CD47 is exploited by different types of tumor cells to evade phagocytosis by macrophage. Hu5F9-G4 is a humanized mAb targeting CD47. In a phase Ib/II in combination with rituximab, Hu5F9-G4 resulted in an ORR of 71% and a CRR of 43% in follicular lymphoma subgroup. Most of the patients continued to respond during a median 8.1 months of follow up. The phase II study of this agent is in progress (ClinicalTrials.gov identifier: NCT02953509). 104 Agents targeting a costimulatory molecule, CD137 (4-1BB), and an NK-cell receptor, killer Ig-like receptor, are also being studied.
Epigenetic regulator-targeted agents. The relapsing clinical course and HT of FL are in part driven by the presence of a population of common precursor cells. These cells carry several mutations involved in immune surveillance, B-cell development, B-cell receptor signaling pathway and a plethora of mutations in epigenetic modifiers such as KMT2D (previously MLL2), CREBBP, EZH2, EP300, MEF2B, and ARID1A. Almost all FL patients have at least one mutation in epigenetic modifier genes, 105, 106 and many of these mutations are associated with high-risk FL. 107 EZH2 mutation is found in around 25% of FL and several agents were developed to target EZH2. For example, tazemetostat as a single agent resulted in an ORR of 82% in EZH2-mutated and 35% in wild-type EZH2 relapsed or refractory FL and seemed to be well tolerated. All patients with EZH2 mutation had evidence of tumor reduction but only 1 in 22 patients achieved a CR. 85 CPI-1205 is being studied in various B-cell lymphomas in its phase I trial (ClinicalTrials.gov identifier: NCT02395601). The study of GSK2816126 was terminated due to a lack of clinical efficacy.
Vorinostat, a histone deacetylase (HDAC) inhibitor, was demonstrated to have some activity in relapsed and refractory FL with an ORR of 49% and a PFS of 20 months as a single agent. 86 Other HDAC inhibitors, including panobinostat and mocetinostat, are being tested in their phase II clinical trials (ClinicalTrials.gov identifiers: NCT 01261247 and NCT02282358, respectively).
Chimeric antigen receptor T-cell therapy.
Chimeric antigen receptor (CAR) T-cells are autologous T-lymphocytes, with receptors that are engineered to include both antigen-recognition moieties and T-cell signaling domains. 108 Anti-CD19 CAR T-cells have demonstrated clinical efficacy in relapsed and refractory B-lymphoblastic leukemia and DLBCL. 109, 110 This concept of treatment is also appealing in the treatment of FL that is refractory to several lines of treatment. The ELARA study is a phase II trial in its development to study the efficacy and safety of tisagenlecleucel in this setting (ClinicalTrials.gov identifier: NCT03568461).
Conclusion
In a disease such as FL with a relatively high prevalence and no established cure, the environment is ripe for developing novel approaches. Patient advocacy groups, physicians, and the pharmaceutical journals.sagepub.com/home/tah 15 industry will all embrace the search for novel management options to replace current options with toxicity and transient benefits. The information reviewed above confirms that many new classes of therapies are being actively investigated. At the moment there is no clear choice for a new mechanism of action that will have transformative impacts on the morbidity and mortality of FL, but the next big discovery may be just around the corner. Those in the clinical research field will need to stay focused on testing the most logically exciting new agents while addressing questions of truly unmet need for patients. Patients and their advocacy groups will be invaluable in helping prioritize the importance of endpoints such as OS or relative survival, PFS, and quality of life.
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